 This paper has mapped the global mass flows of tungsten, from mining to end-use sectors, for the year 2010 and identified key areas where intervention would be beneficial to broaden the supply base and increase the material efficiency of the system to enhance its security of supply.
objective of this paper is to create a map of global tungsten flows to highlight and discuss key 23 material efficiency (i.e. using less of a material to make a product or supply a service, or reducing 24 the material entering production but ending up in waste) and supply security opportunities along 25 tungsten's supply chain that could be incorporated into the planning and prioritization of future 26 supply security strategies. The results indicate the existence of various intervention alternatives that 27 could help to broaden the supply base and improve the overall material efficiency of the system. In 28 particular, future policy and research and development (R&D) efforts to improve tungsten's 29 material efficiency should focus on minimizing tungsten losses as fine particles during beneficiation 30 and extraction (current global losses estimated at 10-40%), as well as on evaluating alternatives to 31 improve recycling collection systems and technologies, which could lead to 17-45% more tungsten 32 discards being recycled into new products. ecology to depict industrial metabolisms (Schmidt, 2008) . 121
122
The mass flow analysis presented in this paper displays the allocation of tungsten across its 123 supply chain by following the mining-manufacturing-use route, in addition to recycling and re-use 124 flows and the points where material losses occur. The Sankey diagram shows the total amount of 125 materials that were extracted, processed and used in 2010, but does not indicate the accumulated 126 natural and anthropogenic material stocks available for human exploitation. The thickness of the 127 flows are proportional to the amount of mass in each of them (i.e. the thickness of each link 128 represents the magnitude of flux) and the mass balance is maintained along the diagram. Therefore 129 all tungsten entering and leaving the system is accounted for and any mass balance irregularities 130 due to losses or inefficiencies are intuitively displayed (Schmidt, 2008) . 131
132
Tungsten rarely exists in a pure state along the system, therefore, vertical divisions (slices) along 133 the flows indicate where important transformative processes occur. They are accompanied by an 134 indication of the resulting material forms and the amount of energy (including both electricity and 135 fuel converted to kWh units) that is consumed during each transformation per unit mass, to provide 136 an insight into their environmental cost. Additional resources and emissions involved during these 137 material transformation processes (e.g. water, chemicals or gas emissions) have not been included 138 due to lack of suitable data. Colour is used to distinguish the different tungsten grades contained in7 each flow (i.e. to describe the typical tungsten concentration within the carrier materials in each 140 flow). 141 142
Data availability and sources 143
The tungsten Sankey diagram presented in this paper was populated using data from a variety of 144 industrial and academic sources. In some cases the data had to be inferred, estimated or back-145 calculated if the direct values were not available. In order to overcome the problem of public data 146 scarcity, a stakeholder consultation was performed through the organisation of a workshop named 147 Global mine production data per country (67 kt for China, 9.9 kt for the rest of the 162 world), flows to stock (5.9 kt) and data on total scrap input for 2010 (24 kt) were obtained 163 Records showing the exact amounts of tungsten scrap that were processed through each 181 of these two methods could not be found in literature nor in industrial reports. Similarly, 182 none of the experts consulted during the stakeholder meeting (BGS, 2012b) were able to 183 provide information to clarify this point. Given that industrial recycling of tungsten 184 carbide is a well-established procedure (BGS, 2012b; WBH, 2013; Weiss, 1985) and that 185 carbide products account for at least 50% of end-products (BGS, 2011), it has been 186 assumed that 50% of tungsten is recycled through the zinc process (12 kt), which is the 187 preferred carbide recycling route due to its lower energy consumption and lower cost 188 ii. Information about processing losses during each manufacturing step was initially 220 obtained from the work of Smith (1994) and Weiss (1985) and later on corroborated 221 through conversations with industry representatives (BGS, 2012b; WBH, 2013): 222 4% losses during APT production (2.6 kt), 1% losses during metal powder 223 manufacturing (0.6 kt), 1% losses from transforming metal powder into tungsten 224 carbide plus 4% losses from converting tungsten concentrate into carbide (0.5 kt in 225 total), 4% losses during the production of tungsten chemicals (0.2 kt) and 4-5% 226 losses from the use of tungsten concentrate in steels and alloys (0.8 kt). All these 227 numbers combined produced an overall 5% mass loss, equivalent to 4.7 kt. 228
iii. Two key assumptions have been made, based on the work from Lassner and 229 Schubert (1999): roughly 70-80% of tungsten is used in powder metallurgy and 230 approximately 70-80% of tungsten powder is used to produce tungsten carbides. 231
For the purpose of the Sankey diagram, these numbers were fixed at 73% and 70% 232 respectively to ensure the system mass balance. These assumptions resulted in a 233 total of 65 kt of tungsten (out of 88.9 kt) converted to APT and 47.9 kt of tungsten 234 metal powder (out of 68.7 kt) allocated to carbide production. Additional information on energy estimates is presented in Table 2 . Data availability on 278 tungsten's mining and processing energy intensities is low and therefore the data 279 presented in Table 2 does not necessarily represent all existing technologies or best 280 practices across the industry, but simply shows the data that is available in literature. 281 Once demand and prices started to recover, Chinese producers were able to react more quickly and, 369 as a consequence, China's output grew rapidly compared to other nations (Brown, 2012) . 
379
Several tungsten mining projects are under development worldwide, both for newly discovered 380 deposits and for the reopening of dormant mines ( Survey estimates worldwide reserves of tungsten to be approximately 3.3 million tonnes, with 42% 394 of those reserves being located outside of China (Shedd, 2015) . 395
396
The evidence described in this section suggests that it is possible to develop alternative supply 397 chains; however these are subject to financing being available to open projects outside China, which 398 depends on the perceptions of investors with regards to risks. Detailed discussions of the many 399 factors that affect supply diversification are beyond the scope of this paper. Reducing the 400 dominance of China in the supply of tungsten will require both time and appropriate policy efforts. 401 402
What variables determine beneficiation losses and how can they be reduced? 403
Beneficiation losses are mostly attributed to the friable nature of tungsten minerals (WBH, 2013; 404 Weiss, 1985) , which leads to the excessive generation of fine particles (<25 µm) during ore 405 grinding and crushing to liberate tungsten minerals from the rest of the gangue material. As 406 suggested by Wills (1988) , a mineral deposit will be economic to work if its contained value per 407 tonne is higher than the sum of total processing costs (including mining and subsequent separation 408 steps) plus losses and other costs per tonne. In other words: 409
410
Contained value / t > (total processing cost + losses + other costs) / t 411
412
In the case of tungsten, mining represents a major cost. This is because the mining methods 413 required to exploit underground vein-type deposits such as tungsten deposits are among the most 414 expensive, as suggested by Wills (1988) . Therefore, a balance is required between beneficiation 415 21 costs and material losses if the economic viability of the entire operation is to be preserved. This 416 means that sometimes losses have to be tolerated in exchange for less efficient but more cost-417 effective processing methods. Even if more efficient beneficiation methods exists, these need to be 418 economical enough to guarantee that total costs do not exceed the contained value of the deposit. 419
There are two traditional approaches for solving this trade-off between cost and efficiency: either by 420 creating economic methods to avoid the creation of tungsten fines in the first place or by developing 421 economic processes for extracting these tungsten particles from waste slimes and tailings. 422
423
Fine tungsten particles are hard to capture by the most widely used separation methods and are 424 commonly lost in slimes and tailings instead, from where it is even harder to recover the tungsten 425 (Weiss, 1985; WBH, 2013; Krishna Rao, 1996) . Tungsten minerals are friable and tend to be 426 ground preferentially during crushing and grinding. Also, due to their high density, tungsten 427 particles can be misclassified by cyclones or hydraulic classifiers, often being sent to the over-size 428 fraction and getting recycled to the grinding mill, resulting in over-grinding (Krishna Rao, 1996) . recycling benefits are not only measured in terms of energy and cash savings, but also in terms of 533 material efficiency, supply security and reduced environmental impacts. Tungsten mining and 534 beneficiation are processes with high losses (10-40%), while recycling routes have high yields 535 (>95%) (WBH, 2013; Weiss, 1985) . Although primary production can never be entirely substituted 536 by recycling as demand grows from year to year (Tercero Espinoza, 2012), recycling could help to 537 secure an efficient secondary supply of tungsten that requires lower processing energies, generates 538 lower carbon emissions and avoids rock waste and leachates from mining operations. In summary, 539 26 energy efficiency is not enough to incentivise recycling because the economic benefits are not 540 sufficiently obvious. However, the positive environmental benefits associated with recycling could 541 help to offset the negative environmental impacts related to material losses in primary production 542 and improve supply security, hence representing an extra incentive for the organisations involved. 543 544 Figure 1 has an overall mass 563 efficiency varying from 55% to 83% for worst-and best-case scenarios, the potential impact of 564 improved recycling could oscillate between 17% and 45% more recovered tungsten. 565
566
As a complement to these lines of research, it is necessary to complete a detailed analysis of 567 finished products that contain tungsten, which is missing from this study. An analysis of such type 568 could be extended to cover historical tungsten consumption to provide a model output of end-of-life 569 scrap that could give a valuable estimation on the current and future size of the tungsten stock 570 available for recycling from end-of-life products. In addition, an economic analysis (cost-benefit 571 analysis) which identifies the factors that promote and/or hinder tungsten beneficiation optimisation 572 and recovery is missing from this study. This should explore the cost of current practices and the 573 cost of new technologies against market trends at global level. The economic analysis should 574 
